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Genetic factors determining the pathogenesis and course of ocular toxoplasmosis are poorly understood. In
this study, we explored the development of experimental ocular pathogenesis in genetically dissimilar mice
infected with either the RH strain, the PLK strain, or the immunodominant surface antigen 1 (SAG1 [P30])deficient mutant of the RH strain of Toxoplasma gondii. At 11 days postinfection, ocular infection of C57BL/6
mice with all of the strains of parasites resulted in severe inflammatory lesions and high numbers of parasites
in eye tissue; less severe ocular lesions at earlier histopathology and prolonged survival were observed in this
mouse strain infected with either the major surface antigen 1-deficient SAG1ⴚ/ⴚ strain or the less virulent PLK
strain compared with RH infection. In contrast, both BALB/c and CBA/J mice had less severe lesions and low
numbers of parasites in their eye tissue, and infection developed into the chronic stage in these mice. There
were significantly higher serum levels of gamma interferon and tumor necrosis factor alpha in C57BL/6 mice
than in BALB/c and CBA/J mice following ocular infection. These observations confirm earlier reports on
systemic immunity to these parasites that the route of Toxoplasma infection markedly influences survival of
mice. Our data indicate that genetic factors of the host as well as the parasite strain are critical in determining
susceptibility to experimental ocular toxoplasmosis in murine models.
inbred strains of C57BL/6, BALB/c, and CBA/J mice to acquired acute ocular infection.

Toxoplasmosis is a common parasitic zoonosis and an important cause of spontaneous abortion, mental retardation,
encephalitis, blindness, and death worldwide (13). Nearly a
billion people are infected with Toxoplasma gondii, and ocular
lesions occur in up to 25% of infected individuals (28). It is
widely accepted that there is a significant difference in susceptibility to chronic infection by T. gondii among inbred mouse
strains with different genetic backgrounds. Host genetics are
likely to be important in determining susceptibility to and
severity of T. gondii infection, as shown by variable disease
patterns in inbred mice upon infection (19, 29). Host genes
both within and outside the major histocompatibility complex
are involved in the impaired intracerebral immune response of
C57BL/6 mice (1, 4). The parasite strain is also critical in host
genetic regulation of resistance against acute toxoplasmosis
(27). Genetic resistance/susceptibility to ocular toxoplasmosis
has not been previously studied in mice. Whether such differences in parasite virulence are associated with differing incidences or clinical manifestations of ocular toxoplasmosis remains to be determined. The present study compared the
effects of the low-virulence T. gondii strain PLK, the highvirulence strain RH, and the surface antigen 1-deficient
(SAG1⫺/⫺ or P30⫺/⫺) mutant of RH on the susceptibility of

MATERIALS AND METHODS
Parasites. The temperature-sensitive mutant strain of T. gondii (strain ts-4;
kindly provided by Elmer R. Pfefferkorn, Dartmouth Medical School) was used
for intraperitoneal (i.p.) vaccination. For primary and challenge infections, T.
gondii RH tachyzoites, PLK (clonally derived from ME49) tachyzoites, surface
antigen 1 knockout (SAG1⫺/⫺ or P30⫺/⫺) RH tachyzoites, and RH tachyzoites
engineered to constitutively express green fluorescent protein (RH-GFP) were
used. They were maintained by continuous passage in human fibroblasts grown
in Dulbecco’s modified Eagle medium (Gibco, Grand Island, N.Y.) supplemented with 10% newborn calf serum plus antibiotics.
Mice. Female age-matched (7- to 8-week) C57BL/6, BALB/c, and CBA/J mice
were obtained from the Jackson Laboratory. Animals were bred under approved
conditions at the animal research facility at Dartmouth Medical School.
Immunization, infection, and challenge. Mice were immunized by i.p. injection
of 1 ⫻ 105 ts-4 tachyzoites and challenged by eye inoculation of 100 RH,
SAG1⫺/⫺, or PLK tachyzoites at 45 days postimmunization. Primary infection of
naive mice was performed by ocular inoculation with 100 tachyzoites. In some
experiments, mice were infected or challenged with 100 RH-GFP tachyzoites.
Eye inoculation was performed as previously described (16). In brief, following
leakage of aqueous fluid from the right eye after anesthesia, 5 l of parasite
suspension in Dulbecco’s modified Eagle medium was injected into the anterior
chamber of the eye by using an operating microscope.
Histopathology and parasite proliferation. At 5, 8, 11, 26, 56, or 85 days
postinfection or postchallenge, mice were sacrificed by CO2 asphyxiation. Eyes
were harvested and immediately fixed in 10% buffered formaldehyde (Polysciences, Warrington, Pa.). Five-micrometer-thick sections (50- or 100-m distance between sections) of the eyes from each mouse, stained with hematoxylin
and eosin (H&E), were evaluated for inflammatory changes. Ocular pathology
was scored as follows: 0, normal histology; 1, mild inflammation without necrosis;
2, obvious inflammation without necrosis; 3, strong inflammation with necrosis;
4, whole eye section with prominent necrosis (16).
Confocal laser scanning microscopy. Five-micrometer-thick sections (50- or
100-m distance between sections) of the eyes from mice infected or challenged
with 100 RH-GFP tachyzoites at day 11 were examined using a Bio-Rad MRC1024 confocal scanning laser microscope (Bio-Rad, Hercules, Calif.).
Immunohistology. Four-micrometer-thick sections of paraffin wax-embedded
eye tissue from mice infected or challenged with 100 RH tachyzoites at day 11
were attached to slides for immunohistologic study. Assays were performed using
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TABLE 1. Comparison of inflammatory scores in the eyes of
C57BL/6, BALB/c, and CBA/J mice following primary infection
with T. gondii
Inflammatory score at postinfection daya:
Mice

Parasites
5

C57BL/6

RESULTS
C57BL/6 mice have more severe inflammatory lesions and
higher parasite burdens in eye tissue following infection. All
C57BL/6 mice infected intracamerally with 100 tachyzoites of
RH, SAG1⫺/⫺, or PLK T. gondii were susceptible to acute
ocular infection and died. As shown in Fig. 1, C57BL/6 mice
died between days 9 and 12 following RH infection, between
days 16 and 19 following SAG1⫺/⫺ infection (P ⫽ 0.0002), and
between days 23 and 26 following PLK infection (P ⫽ 0.0001).
As shown in Table 1, compared with RH infection, the inflammation and necrosis in the eye tissues of C57BL/6 mice induced by PLK and SAG1⫺/⫺ were significantly less severe at
day 5 postinfection (P ⫽ 0.028). At day 8 postinfection, the
lesions in the eye tissue caused by SAG1⫺/⫺ reached a severe
level similar to that caused by RH; however, the ocular lesion
caused by PLK was still significantly less severe at this time
point (P ⫽ 0.043). At day 11 postinfection, similar severe
necrosis and inflammation were observed in the eye tissues
with infections induced by all strains of parasites (Table 1; Fig.
2A).

11

26
b

56

85

RH

2
2
2
3
2
3

3
3
2
3
3
2

3
3
4
3
2
3

—

—

—

SAG1⫺/⫺

2
2
1
1
1
1

2
3
3
2
3
2

3
2
3
3
3
3

—

—

—

PLK

1
1
1
1
1
1

2
2
1
2
2
2

3
3
3
3
3
2

—

—

—

BALB/c

RH

—

—

2
1
2
3
2
2

1
1
1
1
2
2

1
1
1
0.5
0.5
1

0.5
0.5
0.5
0
1
0.5

CBA/J

RH

—

—

2
1
2
2
3
2

1
1
2
1
1
1

0
1
1
0.5
0.5
0.5

0.5
0.5
0.5
0.5
0
0.5

FIG. 1. Mortality in C57BL/6 mice following ocular infection with
100 RH (䊐), SAG1⫺/⫺ (‚), or PLK (E) tachyzoites of T. gondii. There
were six mice per group, and data are representative of those from two
similar experiments.

a ready-to-use reagent kit (BioGenex, San Ramon, Calif.) according to the
manufacturer’s instructions. Sections were stained with anti-CD3 monoclonal
antibodies (BioGenex).
Levels of IFN-␥ and TNF-␣ in serum and of antitoxoplasma antibody in
serum and aqueous fluid. Mice were bled at 11 days postinfection or postchallenge, and sera were collected. Approximately 10 to 15 l of aqueous fluid was
withdrawn using a 27 1/2-guage needle via a limbal paracentesis from naive mice
and mice i.p. immunized with ts-4 at 32 days. The sera and fluids were stored at
⫺70°C until use. Serum levels of gamma interferon (IFN-␥) and tumor necrosis
factor alpha (TNF-␣) were quantitated with enzyme-linked immunosorbent assay kits (Biosource, Camarillo, Calif.) according to the manufacture’s instructions. Optical densities (ODs) were measured at 450 nm and serum cytokine
concentrations determined from the standard curve. Serum and eye fluid levels
of anti-Toxoplasma immunoglobulin (IgG) were assayed by enzyme-linked immunosorbent assay as previously described (18). Purified RH parasites (5 ⫻
104/well) were placed in microtiter plates, dried overnight, and blocked with 5%
bovine serum albumin–phosphate-buffered saline. Antisera and aqueous fluids
were incubated at 37°C for 2 h. Plates were washed in 0.05% Tween 20 and
supplemented with a peroxidase-conjugated rabbit anti-mouse IgG (Sigma, St.
Louis, Mo.) for 1 h. ODs were measured at 450 nm with an automatic microplate
reader.
Statistical analysis. Data were analyzed by the Student t test or the Wilcoxon
signed rank test. P values of less than 0.05 were considered statistically significant.

8

a
Mice were infected intracamerally with 100 tachyzoites of T. gondii, and the
inflammatory scores in their eyes were examined at serial time points postinfection. There were six mice in each group (see the text for the details of this
experiment). Compared with the infection with RH in C57BL/6 mice, the inflammatory scores in the eye tissues were significant lower at day 5 postinfection
with PLK (P ⫽ 0.028) and SAG1⫺/⫺ (P ⫽ 0.028) and at day 8 postinfection with
PLK (P ⫽ 0.043). In contrast, there were significantly lower inflammatory scores
in the eye tissues of both BALB/c and CBA/J mice at day 11 postinfection with
RH (P ⫽ 0.028), and the scores gradually became even lower at days 26 (P ⫽
0.043), 56 (P ⫽ 0.028), and 85 (P ⫽ 0.028) postinfection.
b
—, not applicable.

BALB/c and CBA/J mice have less severe inflammatory lesions and lower parasite burden in eye tissue following infection. All BALB/c and CBA/J mice were resistant and were in
generally good condition throughout the experiment. These
mice survived for more than 100 days after ocular infection
with all strains of parasites. The features of ocular inflammatory response in BALB/c and CBA/J mice ranged from minimal damage to medium-level destruction of eye tissue. In general, eye tissue lesions of these mice were much less severe at
11 days postinfection (Table 1; Fig. 2C and 2E). The inflammation scores in the eye tissues of both BALB/c and CBA/J
mice were the highest at day 11 postinfection with the RH
strain; the degree of inflammation and necrosis gradually became less severe at days 26 (P ⫽ 0.043), 56 (P ⫽ 0.028), and 85
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FIG. 2. Pathology of mouse eyes at 11 days after ocular infection
with 100 RH tachyzoites of T. gondii. Panels: infected (A) and challenged (B) C57BL/6 mouse, infected (C) and challenged (D) BALB/c
mouse, and infected (E) and challenged (F) CBA/J mouse. There were
six mice per group, and data are representative of those from two
experiments. Arrows indicate necrosis or inflammation. Magnification,
⫻4; H&E stain.

(P ⫽ 0.028) postinfection. There were no significant differences in ocular lesions among the parasite strain infections
between BALB/c and CBA/J mice at the serial time points
(data not shown). Observation by confocal microscopy showed
that the numbers of RH-GFP tachyzoites in the eye tissue of
C57BL/6 mice (Fig. 3A) were markedly higher than those in
BALB/c mice (Fig. 3B) at day 11 postinfection with 100 RHGFP. The numbers of parasites in the eye tissue of CBA/J mice
were similar to those in BALB/c mice (data not shown).

INFECT. IMMUN.

All strains of vaccinated mice show nearly complete protection following challenge. When mice were immunized i.p. with
ts-4 and challenged with 100 RH, PLK, or SAG1⫺/⫺
tachyzoites by the ocular route, either no evidence of necrosis
or only mild inflammation was observed in the eye tissue from
C57BL/6, BALB/c, and CBA/J mice (Fig. 2B, 2D, and 2F).
There were no significant differences in ocular histopathology
either among the strains of mice or among challenges with
parasite strains. There were much lower numbers of parasites
in the challenged eyes (Fig. 3C) than in the infected eyes (Fig.
3A) in C57BL/6 mice at day 11 postinoculation with 100 RHGFP tachyzoites.
T cells in the eye tissue of challenged mice. Because there
was almost complete protection in the eyes of challenged mice,
immunohistologic studies were performed to determine the
effector cells in the eyes. The results showed that the major
effectors in the eye tissue of challenged C57BL/6 mice were
lymphocytes, in which CD3⫹ T cells were the main response
cells (Fig. 4).
Serum levels of IFN-␥ and TNF-␣ and antitoxoplasma antibody levels in serum and aqueous fluid. Compared with day
0, there were significant increases of serum levels of IFN-␥ and
TNF-␣ in all strains of mice at 11 days after either primary
ocular infection with RH (P ⬍ 0.01) or ts-4 vaccination and
challenge with RH (P ⬍ 0.05); however, there were significantly higher serum levels of IFN-␥ (P ⬍ 0.01) and TNF-␣ (P
⬍ 0.01) in C57BL/6 mice than in BALB/c and CBA/J mice
following ocular infection (Fig. 5). The serum levels of IFN-␥
and TNF-␣ were not significantly different among the infections with the RH, SAG1⫺/⫺, and PLK strains of T. gondii at
day 11 (data not shown). The serum IgG level (OD) was
significantly increased in all strains of mice at 11 days after
both infection (P ⬍ 0.05) and challenge (P ⬍ 0.01) (Fig. 6,
top); the IgG level in the eye fluids from all strains of mice
were significantly increased after i.p. immunization with ts-4 (P
⬍ 0.01) (Fig. 6, bottom).
DISCUSSION
Following ocular infection with tachyzoites of the high-virulence T. gondii RH strain, the low-virulence PLK strain, and
the SAG1⫺/⫺ mutant of the RH strain, all strains of inbred
mice developed ocular toxoplasmosis; however, the intraocular

FIG. 3. Parasites with green fluorescence in the eye tissue of mice at 11 days postinfection or postchallenge with 100 RH-GFP tachyzoites of
T. gondii. Panels: infected C57BL/6 mouse (A), infected BALB/c mouse (B), and challenged C57BL/6 mouse (C). There were six mice per group,
and data are representative of those from two experiments.
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FIG. 5. Serum levels of IFN-␥ and TNF-␣. Experiments were performed on C57BL/6, BALB/c, and CBA/J mice infected or challenged
intracamerally with 100 RH tachyzoites of T. gondii at 11 days. Four
mice were used in each group, and data shown are pooled from two
separate experiments. Error bars indicate standard deviations.

FIG. 4. Eye tissue from a control mouse challenged with 100 RH
tachyzoites of T. gondii at 11 days. Shown is the eye with H&E staining
(A), immunohistology with anti-CD3 monoclonal antibody staining
(B), and immunohistology of a negative control (C). Four mice were
used in each group; this experiment is representative of two performed. Arrows indicate CD3-positive cells. Magnification, ⫻10.

immune responses were significantly different among the
strains of mice and strains of Toxoplasma. We observed that
C57BL/6 mice were highly susceptible to ocular infection with
T. gondii. These mice developed a syndrome with a severely
necrotizing and fatal ocular toxoplasmosis and a mortality rate
of 100% between 9 and 12 days after ocular infection with the
RH strain of T. gondii. In contrast, BALB/c and CBA/J mice
were resistant to ocular Toxoplasma infection and had more
protracted, less severe necrosis and inflammation in their eye
tissues. With 100% survival at day 12 postinfection, most could
survive for more than 100 days postinfection. From days 26, 56,
and 85 postinfection, the lesions in eye tissues of BALB/c and
CBA/J mice became gradually less severe. We also observed
that C57BL/6 mice had high numbers of tachyzoites in the eye
tissue, whereas BALB/c and CBA/J mice had much lower

numbers of parasites in their eye tissues at 11 days postinfection. Norose et al. (21) observed that cysts proliferate at a
higher rate and are in much higher numbers in the eye tissues
of C57BL/6 mice than in those of BALB/c mice following
peroral infection with the Fukaya strain of T. gondii. Luo et al.
(17) reported that the numbers of T. gondii in brain are greatly
increased in C57BL/6 mice but not in BALB/c mice at 2 weeks
following infection. These findings indicate that genetically
determined host factors are involved in the course of ocular
toxoplasmosis in murine models.
It has been reported that the RH strain of T. gondii is highly
virulent in all mouse strains, with a 100% lethal dose of ⬍10
parasites (22). However, we observed that, compared with
C57BL/6 mice, BALB/c and CBA/J mice infected with 100 RH
strain organisms through the ocular route not only experienced
less severe ocular pathology but also survived throughout the
experimental window of 100 days postinfection. Murine susceptibility to T. gondii or resistance to mortality following acute
peroral infection with T. gondii is under multigenic control (18,
29); the pathogenicity of T. gondii can be influenced by the
route of inoculation, by the genotypes of the host and parasite,
and by the life cycle stage of the parasite (9, 18, 25, 26). The
route of infection of Toxoplasma markedly influences survival
of mice (9, 10). Genetic factors are determinants of susceptibility to toxoplasmosis; e.g., B10 mice are highly susceptible to
Toxoplasma encephalitis and C57BL/6 mice are susceptible to
oral or i.p. infection with T. gondii, while BALB/c mice are
resistant to infection by either route (4, 9). Besides a higher
parasite burden in the eye tissue, C57BL/6 mice also developed
systemic toxoplasmosis and destructive inflammation in multiple organs following infection, but BALB/c and CBA/J mice
did not (data not shown). It has been reported that survival of
mice during the acute stage of T. gondii infection is influenced
by major histocompatibility complex class II genes Ia and Ie
(10). Although the factors that control Toxoplasma disease
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FIG. 6. (Top) Serum anti-Toxoplasma IgG levels. Experiments
were performed on mice infected or challenged intracamerally with
100 T. gondii RH tachyzoites at 11 days. (Bottom) Anti-Toxoplasma
IgG levels in eye fluid. Samples were collected from mice i.p. vaccinated with T. gondii ts-4 at 32 days. Four mice were used in each group,
and data shown are pooled from two separate experiments. Error bars
indicate standard deviations.

severity are not well understood, our findings further support
that the specific route of infection, such as the ocular route
used in this study, is an important influence.
We observed that C57BL/6 mice infected with the T. gondii
high-virulence RH strain, its SAG1⫺/⫺ mutant, and the lowvirulence PLK strain had significantly different outcomes in
acute ocular infection. Infection with RH led to rapid death
with severe ocular lesions in C57BL/6 mice, whereas infection
with PLK or SAG1⫺/⫺ markedly delayed death. The lesions in
eye tissues were much less severe at days 5 and 8 postinfection
with PLK and at day 5 postinfection with SAG1⫺/⫺, although
the degree of ocular lesion reached the same severe level at
day 11 postinfection. All of the mice eventually died of acute
ocular toxoplasmosis from 9 to 26 days after infection. Howe
and Sibley (7) reported that the type I lineage of T. gondii,
typified by the RH strain, has higher virulence in mice; type II
(e.g., ME49) and type III strains have lower virulence in mice.
Genetic control of resistance against acute infection with T.
gondii differs depending on the strain of T. gondii (27).
Gavrilescu and Denkers (5) demonstrated that there are sig-
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nificant differences in the immunity induced by high- and lowvirulence strains of T. gondii and that in C57BL/6 mice infected
with RH, tachyzoite dissemination of infection is more widespread and parasite levels are dramatically higher than in those
infected with ME49. Our data reveal that the parasite strain
itself plays an important role in determining the outcome of
ocular toxoplasmosis in mice. It has been demonstrated that
SAG1 is involved in parasite attachment and invasion (6, 20).
SAG1 peptides are expressed on the surface of the infected
macrophages and can be recognized by antibody- and antigenspecific immune effector T cells (11). SAG1 is also highly
immunogenic, and humoral and cellular responses of the host
against this protein are capable of limiting acute infection by
clearing Toxoplasma tachyzoites (2, 12). The importance of this
parasite molecule in ocular infection has not been reported. In
this study, the decreased ocular lesion at early-stage infection
and the prolonged survival of C57BL/6 mice infected with the
SAG⫺/⫺ mutant of RH indicate that SAG1 is associated with
the virulence and pathogenesis of the RH strain of T. gondii.
The pathogenic mechanisms in ocular toxoplasmosis, including invasion and parasitization of eye tissues by the Toxoplasma parasite and localized tissue damage by a complex
associated immune response (8, 15), are not well understood.
Our previous studies have revealed that the ocular pathogenesis is initially due to parasite invasion and proliferation and
influences of the immune response (15). CD4⫹ T cells are the
major source of production of IFN-␥ and TNF-␣ and are
essential to the pathogenesis of ocular toxoplasmosis (16). In
this study, we observed that the ocular pathogenesis in
C57BL/6 mice was much severe than that in BALB/c and
CBA/J mice and that the serum levels of IFN-␥ and TNF-␣ in
C57BL/6 mice were significantly higher than those in BALB/c
and CBA/J mice following ocular infection with T. gondii. Norose et al. (21) observed that there are higher levels of IFN-␥
mRNA expression in the retinas of C57BL/6 mice than in those
of BALB/c mice infected with the Fukaya strain of T. gondii.
IFN-␥ mediates immunopathology and contributes to early
death following RH T. gondii infection (14); a decline in IFN-␥
production in CD4-deficient mice protects mice from mortality
due to a hyperimmune response (3). IFN-␥ has been shown to
regulate the T. gondii load and interconversion in the murine
eye (21). TNF-␣ plays an important role in resistance to acute
and chronic toxoplasmosis; however, the extremely high levels
of this cytokine produced during lethal infection can potentially contribute to pathogenesis (24). Compared with RH infection of C57BL/6 mice, these mice infected with SAG⫺/⫺ or
PLK survived longer, but there were no significant differences
in these cytokine levels in serum at day 11 after ocular infection, suggesting that these cytokines are not the sole factor
influencing mouse survival. Our data indicate that genetically
determined host factors are involved in the ocular immune
response: C57BL/6 mice are susceptible, while BALB/c and
CBA/J mice are resistant, to ocular infection with the RH
strain of T. gondii.
Compared with those in infected mice, fewer parasites in the
challenged eye tissues and nearly complete protection were
observed in either C57BL/6, BALB/c, or CBA/J mice vaccinated i.p. with ts-4 following ocular challenge, suggesting that
the ts-4 strain of T. gondii is an effective vaccine for prevention
of ocular toxoplasmosis induced by high- and low-virulence
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strains of T. gondii in all strains of mice. We observed increased
serum levels of IFN-␥, TNF-␣, and anti-Toxoplasma IgG in
challenged mice and increased IgG levels in eye fluid from
mice i.p. immunized with ts-4. ts-4 elicits a strong IFN-␥-dependent immune response (23). Our data indicate that the
high levels of IFN-␥ and TNF-␣ play a protective role against
T. gondii. Our previous studies demonstrated that CD8⫹ T-cell
immunity is essential for the survival of ts-4 immunization and
RH challenge and that B cells are required to produce antibodies which control parasite replication for resistance to T.
gondii after both infection and challenge (16). In this study,
CD3⫹ T cells were found to be the major response cells in the
eyes of challenged mice, which suggest that the positive CD3⫹
T cells in the eye tissue of challenged mice may be CD3⫹
CD8⫹ T cells.
In conclusion, our findings are helpful in understanding the
complex mechanisms of both the host and parasite that induce
pathogenesis of ocular toxoplasmosis.
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